Substantial evidence from epidemiological, pathological, and clinical reports suggests that vascular factors are critical in the pathogenesis of Alzheimer's disease (AD), and changes in blood flow are currently the most reliable indicators of the disease. We previously reported that older APP23 transgenic (tg) mice have significant blood flow alterations correlated with structural modifications of blood vessels. For the present study, our objective was to analyze the age-dependent morphological and architectural changes of the cerebral vasculature of APP23 tg mice. To visualize the 3D arrangement of the entire brain vasculature, we used vascular corrosion casts. Already at young ages, when typically parenchymal amyloid plaques are not yet present, APP23 tg mice had significant alterations, particularly of the microvasculature, often accompanied by small deposits attached to the vessels. In older animals, vasculature abruptly ended at amyloid plaques, resulting in holes. Often, small deposits were sitting near or at the end of truncated vessels. Between such holes, the surrounding vascular array appeared more dense and showed features typical for angiogenesis. We propose that small amyloid aggregates associated with the microvasculature lead to morphological and architectural alterations of the vasculature, resulting in altered local blood flow. The characteristic early onset of vascular alterations suggests that imaging blood flow and/or vasculature architecture could be used as a tool for early diagnosis of the disease and to monitor therapies. amyloid precursor protein ͉ cerebral blood flow ͉ scanning electron microscopy ͉ vascular corrosion casting T he typical clinical picture of Alzheimer's disease (AD) includes a progressive decline of memory function, often accompanied by other clinical signs such as agitation, aggression, sleep disturbances, and social withdrawal. Nonetheless, brain autopsy is needed to positively confirm the diagnosis (1). A high density of neuritic plaques, neurofibrillary tangles, and vascular amyloid (A␤) is a characteristic neuropathological marker of AD (2, 3). Plaques and tangles in the neuropil may affect neuronal function and also contribute to the neuronal damage; however, it is unclear whether their incidence correlates with the clinical signs and symptoms of cognitive impairment characteristic of the disease (4). Evidence suggests that cerebrovascular pathologies, such as structural alterations (5), atherosclerotic lesions (6), and impaired hemodynamic responses (7), are early features of AD (for review, see ref. 8). Reduced blood flow has been reported as one of the most consistent physiological deficits in AD (9, 10); however, it remains unclear whether the reduced cerebral blood flow is a response to neuronal damage or a factor initiating the characteristic neuropathology. In vivo studies showed the effect of A␤ on cerebral blood flow and vessel architecture in a mouse model for AD (11, 12) . In other models, cerebrovascular regulatory mechanisms, such as endothelium-dependent relaxation and cerebrovascular autoregulation, were altered before amyloid deposition (13-16). It also has been shown that A␤ in vivo and in vitro inhibits angiogenesis and at high dose can stimulate vascular degeneration (17), further strengthening the link between A␤ and the cerebrovascular abnormalities in AD. Moreover, risk factors for AD associated directly with vasculature include stroke, hypertension, diabetes, atherosclerosis, and hypercholesterolemia (18). These observations demonstrate the importance of studying vascular alterations during aging and amyloid formation.
T
he typical clinical picture of Alzheimer's disease (AD) includes a progressive decline of memory function, often accompanied by other clinical signs such as agitation, aggression, sleep disturbances, and social withdrawal. Nonetheless, brain autopsy is needed to positively confirm the diagnosis (1) . A high density of neuritic plaques, neurofibrillary tangles, and vascular amyloid (A␤) is a characteristic neuropathological marker of AD (2, 3) . Plaques and tangles in the neuropil may affect neuronal function and also contribute to the neuronal damage; however, it is unclear whether their incidence correlates with the clinical signs and symptoms of cognitive impairment characteristic of the disease (4) . Evidence suggests that cerebrovascular pathologies, such as structural alterations (5) , atherosclerotic lesions (6) , and impaired hemodynamic responses (7) , are early features of AD (for review, see ref. 8) . Reduced blood flow has been reported as one of the most consistent physiological deficits in AD (9, 10) ; however, it remains unclear whether the reduced cerebral blood flow is a response to neuronal damage or a factor initiating the characteristic neuropathology. In vivo studies showed the effect of A␤ on cerebral blood flow and vessel architecture in a mouse model for AD (11, 12) . In other models, cerebrovascular regulatory mechanisms, such as endothelium-dependent relaxation and cerebrovascular autoregulation, were altered before amyloid deposition (13) (14) (15) (16) . It also has been shown that A␤ in vivo and in vitro inhibits angiogenesis and at high dose can stimulate vascular degeneration (17) , further strengthening the link between A␤ and the cerebrovascular abnormalities in AD. Moreover, risk factors for AD associated directly with vasculature include stroke, hypertension, diabetes, atherosclerosis, and hypercholesterolemia (18) . These observations demonstrate the importance of studying vascular alterations during aging and amyloid formation.
Here, we describe the characteristic age-dependent alterations in cerebral vasculature of APP23 transgenic (tg) mice, which display typical pathological hallmarks of the disease, including neuritic plaques and amyloid deposition on blood vessels (19, 20) . We produced vascular corrosion casts (VCC) from APP23 tg and littermate control mice of different ages (21) , because unlike conventional histology, VCC retain the 3D architecture of the entire cerebral vasculature, including microvessels. SEM was used to image vessels at very high resolution suitable for studying the morphology of the vasculature. Based on our observations, we propose a model where minuscule amyloid deposits give rise to a local disturbance of the blood flow in capillaries, triggering a cascade of increased amyloid production/deposition resulting in vascular degeneration. Ultimately, holes are formed in the vascular system, accompanied by vascular remodeling. We show that holes likely are associated with larger amyloid plaques. Because of the characteristic and early onset of these vascular changes, imaging vascular alterations could be used as biomarker for the disease onset and progression and help to monitor AD therapies noninvasively.
Results
Cerebrovasculature in WT Animals. To describe the normal cerebral vascular morphology and architecture in mice we analyzed SEM images of 57 corrosion casts that were produced from 3-to 27-month-old APP23 WT littermate control mice (Fig. 1) . Capillaries, the location of the blood-brain barrier, had diameters ranging from 4 to 6 m. In WT animals, they formed a dense array often spaced Ͻ30 m apart (Fig. 1C) . On the cast surface of larger vessels, details of the endothelium, including imprints of endothelial nuclei and cell borders, enabled us to distinguish arteries from veins (22, 23) . Typically in arteries, endothelial cells are elongated and aligned parallel with the long axis of the vessel, whereas those of veins are more rounded and less oriented (Fig. 1D) . The details of the intricate features of normal cerebral vasculature using corrosion casts have been described by our group (21, 24, 25) .
Vessel Eliminations Forming Holes Associated with Angiogenesis.
To compare the vascular architecture of tg and WT mice, we examined an additional 137 brains from APP23 tg mice. In APP23 tg mice, SEM pictures revealed holes in the dense network of the cortical vasculature, with dimensions varying from 0.03 to 3.5 mm 2 in older mice (Fig. 2) . Within these holes, truncated microvessels were often studded with knobs and other abnormal protrusions (Fig. 2C) . Additionally, holes occurred in correlation with vascular distortions, such as swelling and budding [ Fig. 2C and supporting information (SI) Fig. 6 ]. Furthermore, the surrounding vasculature seemed much denser than in regions without apparent holes (Fig. 2B) . Such vascular alterations are indicative of angiogenesis and typically appear in association with brain infarcts (26) .
To analyze whether holes are located at sites of A␤ plaques, we visualized the plaque location with respect to the vasculature using 100-m-thick sections of APP23 tg mouse brains, which were casted with PU4ii, but the tissue left intact. Thioflavin S-positive A␤ plaques were easily found in cortex and hippocampus by fluorescent light microscope (LM) (Fig. 2 D-G) . We observed small and also large plaques (80-100 m in diameter). Notably, parenchymal amyloid plaques were primarily situated in areas where vasculature was entirely absent, resembling the holes described above (Fig. 2 D-G) . This finding supports the notion that holes observed in VCCs are the location of amyloid plaques. Size and number of holes were examined in detail in at least four animals per age group (SI Table 1 ). We found that the mean number of holes per age group started to increase at 9 months of age in APP23 tg mice but seemed to plateau in older animals (Fig. 3A) . A nonparametric Wilcoxon test showed a significant difference in the occurrence of holes between tg and WT mice (P Ͻ 0.0001), whereas the Kruskal-Wallis test revealed that the age effect is only borderline significant for tg (P ϭ 0.067, 2 ϭ 11.75, df ϭ 6) and not significant for WT animals (P ϭ 0.69, 2 ϭ 3.83, df ϭ 6). However, this finding is closely associated with the size of the holes.
To assess the affected area of the cerebral cortex (Fig. 3B) , the mean hole size of each age group was multiplied by the number of holes. After a short lag-phase in younger mice, an exponential increase is observed in APP23 tg mice. Using a mixed model, a significant age effect is revealed for the hole size of tg mice (P Ͻ 0.0001, numerator df ϭ 6, denominator df ϭ 61, F ϭ 9.06). In WT animals, the holes affected only small areas of the cortex.
The position and the size of the holes are mapped on a simplified dorsal view of the mouse brain (Fig. 3C ). This shows that the number and size of holes both increase with age. Holes prominently cluster in the frontal and temporal cortices.
With increased age and in parallel to the described holes, we observed that the vascular architecture in APP23 tg animals was considerably more disturbed than in aged WT animals. Microvessels showed several characteristic deformations like swelling, kinking, twisting, and looping, vascular abnormalities typical for AD and other dementias (27, 28) .
Vessel Alterations, Pompons, and Cubes. Already in casts from 3-month-old APP23 tg mice, we found small knob-like structures of up to 14 m in diameter attached to the vessels. In casts from 4-to 5-month-old APP23 tg mice, these structures became more organized, showing protruding spikes (Fig. 4) . They formed tufts attached to primarily small but also larger vessels. Because of their characteristic shape, we call these structures pompons. Most of the pompons were very small, the size varying between 8 and 15 m in diameter. They followed a patchy distribution in CNS and in accordance with the expression pattern of mutated APP in these mice, pompons were occasionally also observed in the spinal cord. Single pompons could encircle capillaries and were colocalized with distorted microvessels (Fig. 4B ). An additional type of structure attached to casted vessels showed a more cubical appearance and was composed of multiple flat or rough/jagged, sometimes rounded polygonal surfaces (Fig. 4C) . These cubes were very similar in size to pompons. Interestingly, pompons and cubes could be colocalized on the same vessel. Occasionally, the same deposits displayed typical features of pompons and cubes combined. No similar structures were found in age-matched WT animals or in aged normal C57BL/6J or other mutant mice [e.g., IL6 or VEGF tg mice (29, 30) ] that were processed in parallel for other studies. Thus, pompons and cubes were considered unique to APP tg mice.
The percentage of mice with deposits is shown in SI Fig. 7 and their location on the vascular tree in SI Table 2 . In the investigated mice of different age groups (4-25 months), pompons and cubes were often found in young tg mice. In APP23 tg animals Ͼ14 months of age, the density of both structure types seemed to decrease. To investigate the sudden drop in frequency and eventual disappearance of the pompons and cubes in tg animals Ͼ15 months, we studied the casts from these age groups more closely. We observed small imprints in the cast surface neighboring pompons as illustrated in Fig. 4D . Imprints resembled negative impression of pompons, matched the diameter and shape of pompons and cubes and were more abundant in casts from older APP23 tg animals but never found in WT animals. For these old mice, our protocols required increased numbers and prolonged cycles of the maceration process using KOH and formic acid than typically used for casts from age-matched WT and young APP23 tg mice. We conclude that the absence of pompons and cubes in casts from older tg animals could be, at least partially, explained by our methods used to macerate and subsequently clean casts, which detached or dissolved pompons and cubes.
To further study the structure and chemical composition of the pompons and cubes, we cut thin histological sections of Eponembedded Mercox casts. Microscopic analyses of both pompons and cubes revealed that their structure appeared different from the polymer forming the lumen of the vessels, which was more homogeneous. To test whether pompons or cubes might contain A␤, we used immunohistochemical and classical amyloid staining procedures (SI Fig. 8 ). Thin sections of structures attached to vessel casts showed Thioflavin-S fluorescence, Congo red birefringence, and were stained by the polyclonal A␤ antibody NT11. Staining for the APP C terminus (antibody C8) was inconclusive (data not shown). These data suggested that pompons and cubes contain A␤, which in contrast was never found in the vessel/resin portion of the casts. To support this finding, we isolated pompons and cubes from APP23 tg casts to test with MALDI MS. We found that A␤ fragments were the main constituents of these structures. No A␤ fragments were found in casting material isolated from WT mice (SI Table 3 ).
Discussion
The present study was conceived to elucidate the extent of deformations and eliminations that alter the morphology and architecture of the vasculature, particularly the microvasculature, in brains of APP23 tg mice. The combination of SEM and vascular corrosion casting is a powerful and unique method for studying vascular morphology and architecture. Our results show clearly that before amyloid plaques and other hallmarks of the disease appear, APP23 tg mice already have altered cerebrovasculature. Small structures in the shape of pompons and cubes that are positive for ␤-amyloid colocalize with architectural changes in the vasculature such as distortions. Because of their early appearance, these may represent initial lesions. At later stages, holes and increased microvascular density (Fig. 2) are dominant in cortical areas with high densities of amyloid plaques. Analysis of intact slices of casted brains further suggests that both microvascular alterations and holes are associated with larger parenchymal amyloid plaques. With respect to function, in addition to our previous observations (11, 25) , our new findings suggest that such morphological and architectural changes are correlated to disturbances in cerebral blood flow and may be linked to metabolic changes in AD brain.
Vascular Corrosion Casting, Vascular Morphology, and Network in WT
Mice. It is remarkable that morphological and architectural alterations of vessels appear in APP23 tg mice at a very young age when typically none of the AD hallmarks in this model are detectable. We attribute this to the use of VCC, which allows the systematic study of the entire brain of a single mouse (24) . The temporal and spatial development of AD hallmarks varies individually and the initial changes are small. Current technologies are limited to small samples from a single brain or lack the spatial resolution necessary to detect localized very small changes. However, besides the many advantages, such as exact 3D reproduction of the vascular architecture and vessels identifiable by characteristic pattern of endothelial cell imprints, the standard VCC technology combined with SEM suffers from several limitations. For this study, we have put special effort into improving this approach and developed methods that allow us to study the 3D vasculature in combination with the tissue. Using a combination of these methods with imaging technologies such as microCT (21, 24) will in future allow quantification of real 3D morphology and architecture.
Our present focus was on the cortical structures, and results show that the vascular network in normal and aged WT mice is highly organized and the capillary bed extremely dense with intervessel distances of Ϸ30 m. Although we and others have shown that Mercox is shrinking substantially during curing (31, 32), we have additionally used a polyurethane that does not shrink (21) . It has the added advantage over other currently available casting materials that it can be combined with immunohistochemical analysis of the surrounding tissue. Based on our measurements and visual analysis of the casted vascular network, we come to the conclusion that there is a tight spatial relationship between the vasculature and individual neurons (33) . Therefore, it is evident that even small changes of blood flow in capillaries could have significant effects on neuronal metabolism and homeostasis.
Vessel Elimination and Angiogenesis: Hole Formation. In brains of older APP23 tg mice, we found missing vasculature, which manifested as visible holes in casts. Smaller holes were perfectly round. These holes are the sites of amyloid plaques as demonstrated with polyurethane casting combined with classical histological sectioning. Closer examination suggested that in many cases the vasculature immediately surrounding the hole was significantly denser. Detailed visual analysis also revealed the typical form and shape of truncated and deformed vasculature and signs of stenosis. However, the ''budding'' vasculature often interpreted as degenerating vasculature or not entirely perfused vessels as a possible technical artifact (22) was in the present case an indication of angiogenesis (26) . In areas adjacent to the holes, the vasculature seemed to be denser than in corresponding areas of WT animals or normal vasculature within the same cast. Upon closer inspection of these areas, we found signs of angiogenesis (swelling, budding) as well. Although others have reported that in the immediate vicinity of amyloid plaques, vessel density is decreased (34) , which may be because their analysis was restricted to 30 m or thinner slices, there are recent findings that support the idea of increased angiogenic activity immediately around amyloid accumulations. In an elegant study, Yang et al. (35) have shown colocalization of amyloid plaques with significantly increased accumulation of vascular endothelial growth factor (VEGF) in tissue from AD patients. Similar findings were recently reported for APP23 mice (36) . Activation of endothelium was significantly increased with age of the APP23 tg mice and ␤3-integrin expression, a specific marker for activated endothelium, restricted to amyloid positive vessels. Moreover, homogenates from APP23 tg mice induced the formation of new vessels in an in vivo angiogenesis assay. Studies in a cerebral ischemia model clearly showed a strong increase in the number of newly formed vessels at the border of infarcts within 2-3 days (37). Microglial cells like macrophages associating with the injured area may additionally contribute to angiogenesis in AD brain, because they abundantly express VEGF (38, 39) . In fact, Perry's group has reported higher capillary density in the zone directly surrounding amyloid plaques in tissue from AD subjects (40) .
In APP23 tg mice, we observed a strong correlation of the number of holes with increasing age and pathological progression of the disease. This augmentation seemed to plateau at 15 months of age. This seems because, in older mice, several smaller neighboring holes combine into one larger hole. In contrast, only very few and small holes were found in control animals. These findings suggest that holes are very rare during normal aging but are dramatically increased by amyloid deposition. Furthermore, examinations in AD patients have shown that brain infarction plays an important role in determining the presence and the severity of AD symptoms (41, 42) . However, Roher et al. have shown that such infarction in AD is closely related to atherosclerotic processes (6).
Pompons and Cubes: Early Amyloid Deposition. We found small knob-like structures on the casted vasculature, most pronounced on microvessels like capillaries at a time point when neither parenchymal nor vascular amyloid deposits were present (20, 43, 44) . They could form two different structures, which we described as pompons and cubes, both extruding into endothelial cells and/or neuropil and staining positive for amyloid. 2D analyses of vascular deposits in older APP23 tg mice show striking similarities in location and shape to pompons (19) . Interestingly, similar vessels associated amyloid structures were observed in tissue from AD subjects. Notably, Kawai et al. (40) reported that between 60% and 77% of amyloid plaques smaller than 35 m in diameter were associated with capillaries. In an EM study, Miyakawa et al. (45) described that capillaries usually run through plaques or the boundary, and amyloid fibrils occur in the basement membrane, extended radially into the parenchyma and also into endothelial cells. Often the lumen of the vessels were narrowed and occluded. The earlier occurrence and smaller size suggest that pompons may be starting points of amyloid deposition. Roher et al. (46) , analyzing A␤ species of cerebrovascular amyloid, described structures that seem to be analogues to pompons (46) . In addition, their findings support our MALDI data that these structures contain A␤ 1-42. Because A␤ in APP23 tg mice is of neuronal origin and present at high concentrations throughout the brain also in young mice (47), we suggest that during a removal process, A␤ is transported to the vasculature and may accumulate in or around endothelial cells (9, 48, 49) . Our model describing the interplay between amyloid and the vasculature leading to the observed vascular alterations is described in Fig. 5 . Furthermore, in both young and old APP23 tg mice, we visualized distorted blood vessels comparable to vascular abnormalities found at autopsy in brains of AD subjects.
Conclusion
Because vascular alterations appear in young APP23 tg mice before pathological hallmarks of AD develop (8), our observation supports the idea that a disrupted microvasculature integrity could contribute to the course of events leading to the disease. These vascular changes may also be responsible for the early behavioral changes in young APP23 tg mice manifested as learning and memory deficits (50, 51) . Cerebral microcirculatory impairment evolving slowly and progressively over many years could be a causal factor of AD pathogenesis and may be other forms of dementia. Imaging vasculature could therefore be used for early diagnosis of the disease and as an efficient tool to monitor therapies.
Materials and Methods
Animals. The generation of APP23 tg mice is described in detail elsewhere (20) . Briefly, a murine Thy-1 promoter element was used to drive neuron-specific expression of a human mutated APP751 (Swedish double mutation KM670/ 671NL) cDNA in B6D2 mice. The mice have been backcrossed with C57BL/6J mice for Ͼ10 generations. A total of 80 heterozygous tg and 57 WT littermate control male and female APP23 mice, ranging from 3 to 27 months of age, have been used for this study. All animal experimental procedures were carried out in compliance with National Institutes of Health Guidelines for Care and Use of Laboratory Animals.
VCCs. Mice were deeply anesthetized with 100 mg/kg pentobarbital (i.p.) and perfused through the left ventricle, first with ACSF containing Heparin (52) followed by 4% performaldehyde in PBS, followed by the resin Mercox (Ladd Research), both infused at the same rate. Afterwards, resin curing soft tissue was macerated followed by decalcification with 5% formic acid (53). Casts were washed, then dried by lyophilization, mounted on stubs, and sputtercoated with gold for routine SEM.
Selected animals were perfused with a new polyurethane resin PU4ii (vasQtec) instead of Mercox. The characteristics of this casting material are described in detail elsewhere (21) . PU4ii is fluorescent and, because of its physical characteristics, suited for standard histological analysis. With this protocol, soft tissue combined with the cast was analyzed. (see also SI Methods) Histology, Immunohistochemistry, and MALDI MS. To assess chemical composition of vascular deposits (pompons and cubes; see below), single branches from Mercox casts were embedded in Epon 812 and cut in 1-m sections with an ultramicrotome. Paraffin sections (5 m) from conventionally fixed animals were used as controls. Congo red and Thioflavin-S staining were done according to standard protocols (54) . The following antibodies were used: polyclonal antibody to A␤ (NT11) (20) , polyclonal antibodies to APP (C8) (19) , and, as a secondary antibody, CY3 (Jackson Immunoresearch).
For simultaneous analysis of A␤ plaques and vasculature, brains were casted with PU4ii, and tissue kept intact. One hundred-micrometer sections were made with a Vibratome (Campden Instruments). The slices then were stained for amyloid deposits with 1% Thioflavin S solution (55) . The embedded slices were observed in a fluorescent LM and in a confocal laser scanning microscope (Leica Microsystems).
In addition, isolated deposits (pompons) and casting material were analyzed with MALDI MS using a commercial instrument with modifications as described in Stoeckli et al. (56) .
Quantification and Statistics.
To establish a temporal distribution of the vascular alterations, the investigated corrosion casts were divided into seven age groups (0-to 6-, 6-to 9-, 9-to 12-, 12-to 15-, 15-to 18-, 18-to 23-, and Ͼ23-month-old animals). We focused on the analysis of the cerebral cortex to address the described high plaque load in the neocortex and hippocampus in APP23 tg mice (57) .
For the quantification of pompons and cubes, 5-15 animals per age group were examined, with the exception of Ͼ23-month-old control mice, where only three casts were available. The age dependence of vascular deposits was tested with a linear model for discrete data. A one-tailed Student's t test was performed by using the software S-Plus (Insightful Corporation). The results were considered significant at P ϭ 0.05 for a t Ն1.7.
In APP23 tg and WT mice (n ϭ 4), hole quantifications of SEM pictures were performed in different age groups. In both hemispheres of the cortex, holes that fulfilled the stated criteria were counted. Criteria were compiled around the holes, such as microvascular deposits (pompons or cubes), twisted or kinked vessels, and other microvascular alterations (27, 58) . Afterward, all hole areas were measured and processed with the imaging software ImagePro Plus (Media Cybernetics), by outlining the holes in the vasculature. The evaluation of age-dependent changes in number, size, and position of holes was performed by visually interpreting diagrams and a protocol, where the hole distribution pattern of four mice per age group was plotted.
To analyze the effect of age on size of holes, a mixed model was performed (SAS/STAT Software, 1999). The parameter ''mouse'' was assessed as random effect, because several measurements were done for each animal. To check the effect of age on the number of holes, nonparametric tests were performed separately for each genotype (one-sided Wilcoxon two-sample test and Kruskal-Wallis for more than two samples). The results of these tests were considered significant at P Յ 0.05. 
